Introduction {#sec1-1}
============

Illicit drugs, which are recognized as emerging pollutants, are present in important quantity in the marine environment due to the human consumption.^[@ref1]^ The content, which defines illicit drugs, is the fact that they have been declared illegal by international drugs treaties, unless they are for medical usage because they may lead the consumer to have an addiction problem.^[@ref1],[@ref2]^ The concentrations found in the environment are in a range of ng/L to mg/L though, near wastewater treatment plants and production facilities the concentrations are the highest.^[@ref2],[@ref3]^ Indeed so far, little information is available on the effect that these drugs can cause on the marine organisms exposed to them. They might have important effect even at very low concentrations on structure of aquatic communities and on the behavior of organisms.^[@ref4]^ In this study, we looked at the impact of four illicit drugs as well as a mixture on the immune system of the blue mussel.

Materials and Methods {#sec1-2}
=====================

Test system {#sec2-1}
-----------

Blue mussels (*Mytilus edulis*) were collected in Mitis Bay located on the South shore of the St. Lawrence estuary (48° 40' N, 68° 00' W). Each animal was randomly selected with similar shell length and brought back to our field laboratory.

Hemolymph collection, viability and cellularity {#sec2-2}
-----------------------------------------------

Hemolymph was collected from individual animal from the posterior adductor muscle using a sterile 3 mL syringe with a 23G needle. Hemocytes viability and cellularity were determined as follows. Briefly, an aliquot of 200 mL of hemolymph was mixed with 20 mL of propidium iodide (stock solution 10 mg/mL^-1^) (Sigma Chemical Company, St. Louis, MO, USA).^[@ref9]^ A total number of 5000 events were acquired by flow cytometry (BD Accuri™ C6 Cytometer, Becton Dickinson, San Jose, CSA, USA).

Hemocytes were defined and gated based on their forward (FSC) and right angle scatter (SSC) properties. Then, fluorescence emission of propidium iodide was collected on FL3 (\>670 nm). A total of 5000 events was acquired in the gate, for each sample, and stored in the list mode data format. The data were then analyzed once displayed as two-parameters, complexity (SSC) and cell size (FSC) then, the fluorescence (FL3) frequency distribution histogram of the hemocytes population was obtained. Viability was calculated as follow: viability = 100% - % of dead cells (FL3^+^cells).^[@ref9]^ Ten mussels were used per drug and for the mixture as well. Cell viability was determined before and after the exposure period. Data collection and analysis were performed with BD Accuri™ C6 Software (Becton Dickinson; version 1.0.264.21). Results are expressed in percentage of viable cells.

Phagocytosis {#sec2-3}
------------

After 3 h of exposure with individual drugs and mixture, yellow-green latex Fluospheres (Molecular Probes Inc., Eugene, OR, USA), with a diameter of 1.2 nm, were added in the plates at a ratio of 1:100 (hemocytes:beads) and left in the dark at room temperature for another incubation period of 18 h. Then, the microplates were drained and cells were resuspended and fixed with 0.5% formaldehyde. All the acquisitions were done using a BD Accuri™ C6 Cytometer (Becton Dickinson) as described for viability with the exception that fluorescence emission of yellow-green was collected on FL1 (533/30 nm).^[@ref9]^ Results are expressed as the percentage of hemocytes having engulfed one or more fluorescent beads (capacity) and three or more fluorescent beads (efficiency).

Exposure protocol {#sec2-4}
-----------------

We tested individually a total of 4 drugs; benzoylecgonine (CAS 115732-68-8), methamphetamine (CAS 537-46-2), cocaine (CAS 50-36-2) and 3-4-methylendioxyamphetamine (CAS 6292-91-7). A mixture of 8 drugs was prepared with equal concentration of oxazepam (CAS 604-75-1), diazepam (439-14-5), fentanyl (CAS 1443-54-5), norfentanyl (1609-66-1), mephedrone (CAS 1189726-22-4), 4-methylephedrine (42151-56-4), benzoylecgonine and MDMA (CAS 64057-70-1).

Since the drugs were dissolved in acetonitrile and methanol, we had to first, test the toxicity of these solvents. Hemocytes from a volume of 180 mL of hemolymph from each mussel were exposed for 21 h, at room temperature, to different concentrations of solvent, ranging from 0 to 25% (V/V) in 2 microplates. After 3 h of exposure, we added yellow-green latex Fluospheres and after 21 h of exposure, we established the concentration limit for each solvent that did not affect the viability and the phagocytosis.

For the drug exposures, volumes of 180 mL of hemolymph from each mussel were delivered in 2 microplates for each concentration of drugs. The drugs were added for a total volume of 200 mL per well. Like for solvent, we exposed for a total of 21 h in the dark at room temperature. After 3 h of exposure, yellow-green fluorescent latex Fluorospheres was added to 1 microplate. At the end of the exposure period, we tested the viability and phagocytosis. For individual drugs, the concentrations tested were 0.0, 12.5, 25.0, 50, 75 and 100 mg/L. For the mixture, the concentrations tested were 0.0, 12.5, and 25.0 mg/L.

Statistical analysis {#sec2-5}
--------------------

Data were analyzed with SigmaPlot^®^ version 12.5 software (Systat Software, Inc., San Jose, CA, USA). Kruskal-Wallis analysis of variance (ANOVA) test and Dunn's Method were used to identify groups that differed significantly from control. Significance was set at P≤0.05.

Results {#sec1-3}
=======

Solvants {#sec2-6}
--------

Acetonitrile was cytotoxic for hemocytes at concentrations of 15% (V/V) and higher, while the phagocytosis (activity and efficiency) was not affected at all by this solvent. Consequently, for drug exposure, a maximum of 10% acetonitrile was used (results not shown).

Methanol was cytotoxic only at 25% (V/V). Phagocytic activity was not altered at all by methanol, while phagocytic efficacy was significantly decreased at 10% (V/V). Consequently, for drug exposure, a maximum of 5% methanol was used (results not shown).

Individual drugs and mixture {#sec2-7}
----------------------------

For all individual drugs, results were pretty steady, with viability over 90% for all the concentrations tested. Similarly, for the phagocytosis, neither the activity nor the efficiency was significantly different from control at tested concentrations (data not shown).

For the mixture, the results for viability and phagocytosis are presented in [Figure 1](#fig001){ref-type="fig"}. For the viability, the percentage was not significantly different from the control at the 2 tested concentrations. However, for the phagocytosis, we have observed a significant increase of about 1.3 fold for activity and 1.6 fold for efficiency.

Discussion and Conclusions {#sec1-4}
==========================

Some studies have shown an important impact of illicit drugs on bacteria. In fact, a lot of plant-derived alkaloids seem to have antimicrobial properties that may cause a change in the bacterial fauna. In aquatic ecosystems, the bacteria are at the very bottom of the food web, thus if the composition of the bacterial fauna changes, due to the presence of illicit drugs, the whole composition of the trophic chain might be affected.^[@ref10],[@ref11]^

Other studies have shown that fresh water invertebrates are also affected by plant-derived drugs. Those effects are due to the adaptation of these plants to the herbivorous. In other words, the alkaloid plants have developed, over time, insecticidal properties that could possibly affect invertebrates. Zebra mussel (*Dreissena polymorpha*) exposed to cocaine and benzoylecgonine showed oxidative stress, DNA damage and inactivation of defense properties.^[@ref12]^ On the other hand, *Elliptio complanata* exposed to morphine ended up with physiological changes in tissues.^[@ref13]^

The concentrations of individual drugs tested, were not cytotoxic for hemocytes and did not affect at all the phagocytosis. However, when mixed, drugs remained not cytotoxic but this mix has shown immunostimulative properties. Indeed, phagocytic activity and efficiency were increased by 1.3 and 1.6 fold respectively. This immunostimulatory effect is quite interesting because this type of immunomodulation is not observed very frequently compared to immunosuppression. A wide range of xenobiotics has been identified as activator of the immune system. They could globally or specifically increase immune responses such as interferon-gamma^[@ref14]^ and beryllium^[@ref15]^ respectively and they could be also beneficial^[@ref16]^ or deleterious.^[@ref15]^ In addition to drugs and metals, other classes of compounds possess also immunostimulatory properties such as pesticides, polycyclic aromatic hydrocarbons and polychlorobiphenyls^[@ref17]^ as well as nanoparticles.^[@ref18]^ Other experiments are needed to better characterize the immunostimulation potential of illicit drugs.
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